Abstract: The Space Innovations Limited SGS-2.4 ground station is a flexible low-cost system designed specifically for small satellite missions in a low Earth orbit using S-and X-band communications links. The ground station is compatible with ESA and NASA communications standards. These features, as well as its high tracking speeds, make the system widely compatible and capable of supporting many mission types. The paper describes the overall system configuration and covers the mechanical design of the antenna and its drive system.
INTRODUCTION
The ground segment has historically constituted a very significant (and often underestimated) portion of the total cost of a satellite mission, particularly if high data rates are required, as is usually the case for Earth observation and many types of imaging space science missions. With the advent of small satellite missions, where the emphasis is on high performance and low cost [1] , the use of existing ground station infrastructure is often not practicable. This is due both to the inherent cost of using a large ground station and also to the cost of adapting the small satellite to make it compatible with a particular ground system. Such small satellite missions require a small dedicated ground station, which, until recently, were only available at a high cost. Thus a need arose for a new low-cost system that could still satisfy stringent requirements in performance and flexibility [2] .
Space Innovations Limited (SIL) has developed a range of small low-cost S-band ground stations specifically to provide good performance at a cost commensurate with the overall cost of small satellite programmes. The resulting ground stations are capable of supporting a wide range of missions with an inherent flexibility of operation.
The first SGS-2.4 ground station ( Fig. 1 ) is a downlinkonly system which has been completed and will be operating by mid-1999. Further full duplex ground stations are currently baselined for various other missions, including the ESA PROBA (project for on-board autonomy) mission [3] , for which SIL is also providing many of the on-board systems including the communications subsystem.
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The ground station will operate in the S-band using circular polarization on both the downlink and uplink. The uplink is BPSK modulated on an 8=16 kHz subcarrier and transmitted with between 10 and 100 W output power. The ground station can support various modulation schemes and coding methods including Viterbi and Reed-Solomon. The ground station interfaces with the operations control centre (OCC) on an Ethernet TCP/IP link. Telecommands are relayed to the ground station and are packetized according to CCSDS/ESA standards [4] . (An example document is referenced to aid sourcing, but it is not within the scope of this paper to identify all of the documents.) Received telemetry is demodulated, decoded and depacketized, and any erroneous data are automatically rerequested. The telemetry source packets can be sent to the OCC and any specified IP addresses via the Ethernet link.
MECHANICAL DESIGN

Tracking strategies
In principle the tracking of one object moving in a threedimensional space requires the use of three parameters or coordinates, which describe the position of the object at any time during the period of the tracking. In practice, for an observer based on the Earth, an object moving in the sky is seen as moving on a two-dimensional space and therefore the tracking can be carried out by using two parameters only. These two parameters have to identify the correct line of sight, under which the Earth-based observer sees the satellite (the loss of one of the parameters defining the position corresponds to the loss of the perception of the depth±distance between the observer and target). Since the observer is fixed on the Earth's surface, the coordinates used for the tracking will be two angular coordinates, which correspond to the two degrees of freedom of the pointing mechanism supporting the antenna.
The target moves along a very smooth arc and the motion is followed by the pointing mechanism which reproduces the correct angular coordinates, through its two mechanical degrees of freedom. In order to follow the motion of the target`smoothly', the mathematical functions describing the two angular coordinates as functions of time have to be smooth and have small first and second derivatives. The first and second derivatives of the angular coordinates are in fact the angular speed and acceleration, which are directly proportional to the power required by the servomechanisms, and the torque transmitted. It is fairly obvious that a good design should try to minimize these two, through an appropriate selection of the two angular degrees of freedom of the pointing mechanism. The rotational degrees of freedom of the pointing mechanism are defined by their revolution axes, which could, at least in theory, have any orientation. In practice, it is desirable to have axes that are either horizontal or vertical, and this leads to two possible configurations [5] . The first one has one horizontal axis and assembled on this a second axis orthogonal to the first. In this case the tracking is along the lines illustrated in Fig. 2a , which allows a very smooth rate of change of the rotational degrees of freedom. The disadvantage of this configuration is in the awkward geometry of the mechanism, which has to tilt the secondary axis but still allow its 1808 rotation capability to move the antenna dish. The other solution, which is undoubtedly the most common, consists of a vertical axis with respect to the ground, which allows the azimuth rotation (À2708 2708), and a horizontal axis for the elevation (08 908). In this case the tracking is along the lines shown in Fig. 2b , where it is possible to notice a singularity at the zenith.
The problem with this type of tracking is that mathematical functions describing azimuth and elevation of a satellite whose trajectory passes close to the zenith become less smooth, as shown in Figs 3 to 5. The solid lines describe the tracking parameters for a pass at 48 from the zenith, the dashed line at 28, the dash-dot at 18 and the long-dash line through the zenith.
In order to limit the peaks in the angular velocity and acceleration along the azimuth axis, it is possible to allow the elevation to go beyond the 908, and so to be able to follow the pass over the zenith with a smooth 08 3 1808 elevation movement. This is strictly correct only for a pass over the zenith, but fortunately for this application it is not necessary to point exactly at the target. Provided that the target is within a solid angle of 28 centred on the line of sight the tracking is still acceptable. This allows the tracking of passes within 28 of the zenith, along the elevation movement, thus limiting velocities and accelerations.
Dimensioning loads
The tracking mechanism supports and orients the parabolic dish of the antenna. The force and torque that the mechanism has to withstand are those produced by the wind loading on the dish plus the inertia force/torque to be overcome when moving during the tracking. The calculation of the wind loads can be done using standard methods [6] and the results are shown in Figs 6 to 9. The pedestal is designed to keep the accuracy of the tracking within 18 in the presence of a 30 m/s (108 km=h) wind, and to withstand without rupture a 56 m/s The surfaces in Figs 6 and 7 represent the moment on the elevation and azimuth axes produced by the wind as a function of the elevation and azimuth angles. As far as the elevation is concerned, the moment produced by the wind is much bigger than the moment of inertia produced by the small velocities and accelerations. The selection of the motorization required is therefore done on the basis of the maximum elevation angular speed and maximum moment produced by the wind. Concerning the azimuth, the moment produced by the wind is still bigger than the moment of inertia, but the top speed is much greater, therefore requiring a much more powerful motorization. Fortunately, the top speed is required in the region of the zenith, where the antenna dish is nearly horizontal and therefore the azimuth moment produced by the wind is very small.
The structure of the pedestal is designed in order to maintain the deformations of the elements supporting the dish within a specified boundary when subjected to the highest forces and moments applied simultaneously.
Selection of the pedestal motorization
The elevation and azimuth movements are driven by d.c. electric motors coupled with gears in order to achieve the desired values of torque and speed. In order to guarantee the correct pointing of the antenna it is necessary to reduce as much as possible the backlash of the gears connecting the electric motors with the rest of the structure. The best solution is provided by harmonic drives, which have a very high reduction ratio and virtually zero backlash. Another advantage of the harmonic drives is that they do not need frequent servicing. The very low angular speed for the elevation requires the use of a further reduction stage (planetary gearbox), while for the azimuth the reduction given by the harmonic drive fulfills the requirement. The electric motors used are brush-less, in order to reduce the maintenance.
The selection of harmonic drives and brush-less motors, which are relatively expensive items, may seem to clash with the desire to build a low-cost ground station. On the other hand, different solutions would have compromised the performance, complicated the design and increased the necessary maintenance, with an overall effect of increasing the cost in the long term. The structure of the pedestal is a very simple steel construction, which allowed the cost to be contained without compromising the performance.
The ground station is illustrated diagrammatically in Fig.  10 and its various components are described in the following subsections. 
GROUND STATION OVERVIEW
The ground station is based on three main units: the antenna and drive systems, the antenna control unit (ACU) and the ground station rack. The overall configuration is illustrated in Fig. 10 .
Antenna and drive system
The baseline ground station has a 2.4 m diameter dish, mounted on a full azimuth-elevation (az-el) mount. The dish has a nominal F/D of 0.343 with the feed position 0.823 m above the centre of the dish. The antenna is mounted on a yoke assembly, which permits 1758 of elevation movement and AE3508 of azimuth movement, thus allowing it to support all types of satellite pass. The azimuth and elevation drives each utilize a high-torque d.c. brush-less motor, permitting the antenna to track within specification at wind speeds of up to 108 km=h. The diplexer provides greater than 85 dB isolation between the transmit and receive frequencies covering the frequency ranges 2025±2120 MHz for uplink and 2200± 2290 MHz for downlink. The low-noise amplifier (LNA) has a nominal gain of 40 dB and a noise temperature better than 50 K under all normal environmental operating conditions. This amplifier maintains the system noise temperature at a very low level.
The dual mode feed can be configured for either righthand or left-hand circular polarization, selected by an RF switch controlled from the ground station rack. Located on the feed are a diplexer and a high-specification GaAs FET low-noise amplifier (LNA).
Antenna control unit
Located close to the pedestal is a weatherproof enclosure known as the antenna control unit (ACU). This unit contains the drive electronics for the az-el mount and provides a clean interface for the antenna control system, as well as housing the tuneable down converter (TDC) unit. The ACU contains a three-phase transformer which powers two specialized antenna servo controller amplifiers via a power supply. These servo amplifiers are directly controlled from the ground station controller (GSC) located in a 19 inch (48 mm) rack in the control room. Status and end-stop information is provided both by the servo controllers and by a separate encoder/limit/brake controller, which ensures robust reporting of error and limit conditions.
There are several interfaces between the ACU and the other ground station equipment. A two-wire safety interlock allows the user to stop the dish using an emergency stop button in the control rack. A serial communications link connects the encoder/limit/brake controller and the drive micro-controller. A three-phase 16 A 380 V= 400 V=415 V supply provides all of the power for the ACU and the antenna drives and the LNA. The TDC unit has an interface to the antenna for the S-band downlink signal and a standard 70 MHz IF output signal to the rack. The ground rack passes a 10 MHz GPSbased reference signal to the ground station rack.
The flexible RF cable on the antenna is terminated in a watertight box mounted on the side of the antenna pedestal (Fig. 11) . This is then connected, via a low-loss cable, to the ACU.
Ground station equipment rack
The ground station equipment rack is located indoors, up to 200 m away from the ACU and the pedestal. This separation distance could be increased at the expense of providing extended serial communications. The equipment rack contains all the RF and digital equipment required to handle the uplink and downlink data, as illustrated in the block diagram of Fig. 12 .
TELEMETRY AND TELECOMMAND PERFORMANCE
This section summarizes the telemetry and telecommand performance of the SIL low-cost ground station when used in conjunction with the communications equipment used for the PROBA bus. This equipment provides a representative system with which to evaluate the performance of the ground station. These parameters are considered in the following sections.
Performance parameters
The principal parameters of the ground station that affect the link performance are antenna diameter, feed character- istics (minimizing side lobes), LNA gain and noise temperature, and pointing error. The principal parameters of the space segment that affect the link performance are transmitter power, coding strategy and antenna gain.
Antenna diameter and pointing error
The SGS-2.4 incorporates a 2.4 m parabolic dish antenna with an F/D ratio of 0.343. The antenna has a 31.8 dB gain on the uplink (at 2100 MHz), 32.6 dB (at 2300 MHz) on the downlink and a 3 dB beamwidth is 3.88. The antenna has a 18 pointing error maximum, which results in a 0.8 dB loss or a 0.5 dB loss for a 0.758 error.
Feed characteristics
Careful design of the feed is required to ensure that the illumination characteristic of the dish is optimized to maximize the signal and minimize any external noise. One important factor is in the minimization of side lobes which reduce the system performance at low elevations due to the presence of the ground (at 290 K) in the side lobes and the presence of the sun, which may be in a side lobe and may have an adverse impact on the link at anything up to 408 off the boresight.
LNA gain and noise temperature
The baseline LNA for the system has a nominal gain of 40 dB with a noise temperature of 50 K. At the maximum expected operating temperature of 60 8C the noise temperature rises to 58 K and the gain falls to 39 dB. The use of this amplifier gives a G/T of better than 6.5 dB=K. Better LNAs with higher gain and lower noise temperatures are available while, for a price increase, will improve this G/T figure.
Transmitter power
The ground station is designed to work with SIL space borne transmitters with 1, 2 or 5 W output power (Fig. 13) . 
Packing
To facilitate the transportation of the ground station it is necessary to reduce the overall dimensions. The most common procedure to solve this kind of problem is to disassemble the structure. The reassembly procedure of the ground station, to be carried out on the installation site, may pose problems due to the necessary realignment of the parts and it makes the whole installation procedure longer.
To avoid these problems the pedestal of the ground station is provided with a hinge situated directly under the horizontal beam of the yoke. This hinge allows the ground station to be folded without the necessity to remove the dish or other parts (Fig. 14) . Once folded, the ground station has dimensions compatible with a standard container. The mechanical installation procedure is therefore relatively simple, since it requires only the unfolding of the pedestal and of course the fixation to the ground of the bottom flange of the pedestal.
CONCLUSIONS
The SIL SGS-2.4 ground station provides a versatile and high-performance ground station while maintaining the low costs required for a small satellite mission. The SGS-2.4 can be operated in a number of configurations and is capable of autonomous operation supporting a number of satellites. These features are all provided at a relatively low cost, in response to a need for ground stations that do not unbalance small satellite mission costings. This paper demonstrates the configuration and performance of the system and shows how the SGS-2.4 ground station supports the operations of small satellite missions. Many of the mechanical design features and considerations that have been influential in shaping the SGS series ground stations have been highlighted. The success of the system is shown by a recent delivery of a ground station to Morocco, as well as other ground stations which have also been selected for forthcoming small satellite missions.
